Some patients with Plasmodium falciparum infections develop cerebral malaria, acute respiratory distress, and shock and ultimately die even though drug therapy has eliminated the parasite from the blood, suggesting that a systemic inflammatory response contributes to malarial pathogenesis. Plasmodium berghei-infected mice are a well-recognized model of severe malaria (experimental severe malaria [ESM]), and infected mice exhibit a systemic inflammatory response. Because platelets are proposed to contribute to ESM and other systemic inflammatory responses, we determined whether platelet adherence contributes to experimental malarial pathogenesis. Indeed, a significant (P < 0.005) increase in the number of rolling and adherent platelets was observed by intravital microscopy in brain venules of P. berghei-infected mice compared with the number in uninfected controls. P-selectin-or ICAM-1-deficient mice exhibit increased survival after P. berghei infection. We observed a significant (P < 0.0001) reduction in the morbidity of mice injected with anti-CD41 (␣ IIb or gpIIb) monoclonal antibody on day 1 of P. berghei infection compared with the morbidity of infected controls injected with rat immunoglobulin G. Additionally, platelet rolling and adhesion in brain venules were reduced in P. berghei mice lacking either P-selectin or ICAM-1 or when the platelets were coated with anti-CD41 monoclonal antibody. Unlike other inflammatory conditions, we did not detect platelet-leukocyte interactions during P. berghei malaria. Because (i) leukocyte adhesion is not markedly altered in the absence of P-selectin or ICAM-1 and (ii) CD41 is not an adhesion molecule for parasitized erythrocytes, these findings support the hypothesis that inhibition of platelet adhesion to the brain microvasculature protects against development of malarial pathogenesis.
Specifically, we investigated (i) whether platelets adhere to the brain microvasculature under flow, (ii) which endothelial cell adhesion molecules bind platelets during malaria, and (iii) whether inhibition of platelet adhesion protects against malarial pathogenesis. For these studies, we used Plasmodium berghei-infected mice, which are a well-recognized model of severe human malaria (8, 27) . Extrapolation of results obtained with the mouse model of cerebral malaria must be done with caution because there are many differences between the pathogenesis of P. berghei-infected mice and the pathogenesis of P. falciparum-infected humans. We selected P. berghei-infected mice instead of Plasmodium yoelii-infected mice (a second model of cerebral malaria) because P. berghei-infected mice exhibit (i) a marked inflammatory response, (ii) profound thrombocytopenia, and (iii) obtundation, which P. yoelii-infected mice do not (6, 12, 13, 21) . Like P. falciparum-parasitized erythrocytes, both P. yoelii-and P. berghei-parasitized erythrocytes sequester by adhering to brain microvasculature (15, 21) . P. berghei-infected mice also exhibit respiratory distress with lactic acidosis, anemia, and nephritis, indicating that these mice also exhibit other clinical manifestations of severe falciparum malaria (37) .
We report here that platelets adhere to brain microvasculature under flow in P. berghei-infected mice by using P-selectin, ICAM-1, and CD41, with the maximal adherence coinciding with the development of cerebral malaria. Inhibition of platelet adherence via P-selectin, ICAM-1, or CD41 protects against the development of severe P. berghei malaria.
MATERIALS AND METHODS
Treatment and infection of mice. Female C57BL/6 mice, as well as P-selectindeficient (Psel Ϫ/Ϫ ) and ICAM-1-deficient (ICAM-1 Ϫ/Ϫ ) mice with a C57BL/6 background, were purchased when they were 4 to 5 weeks old from Jackson Laboratories (Bar Harbor, Maine). The animals were housed at the Louisiana State University Health Sciences Center Animal Care Facility, an Association for Assessment of Laboratory Animal Care-approved facility, in autoclaved microisolator cages contained within HEPA-filtered vent racks. Sterilized food and water were provided ad libitum. Experimental mice were infected when they were between 6 and 12 weeks old by intraperitoneal injection of 1 ϫ 10 6 erythrocytes parasitized with lactate dehydrogenase virus-free P. bergehi ANKA as described previously (19) . Parasitemia was determined by counting the number of parasitized erythrocytes in 200 and 1,000 erythrocytes in Giemsa-stained thin blood films. In each experiment, age-and sex-matched groups containing between four and eight C57BL/6 mice were used. All procedures were approved by the Animal Resources Advisory Committee of the Louisiana State University Health Sciences Center.
Flow cytometry. Flow cytometry was performed as described previously (38) . Briefly, Fc-block (Pharmingen, San Diego, Calif.) was added to 15 l of blood to minimize nonspecific binding of monoclonal antibodies (MAbs). After 10 min of incubation, biotin-conjugated anti-P-selectin (Pharmingen) was added, and the cell suspension was incubated on ice with the antibody for 30 min. After the cells were washed, fluorescein isothiocyanate-conjugated anti-CD41, phycoerythrinconjugated anti-CD45 (a panleukocyte marker), and streptavidin-APC (Pharmingen) were added to the cell suspension, and the mixture was incubated for 30 min. Cells were washed and resuspended in 0.5 ml of phosphate-buffered saline, and propidium iodide (Sigma Chemical Co., St. Louis, Mo.) was added 5 min before acquisition to allow exclusion of dead cells from the analysis. For quantification of platelets in blood, only the anti-CD41 MAb and counting beads were added, as described elsewhere (3) . Flow cytometry data for the cell suspension were acquired with a FACSCalibur (Becton Dickinson) by using the CellQuest program and were analyzed by using the Attractors program (Becton Dickinson).
Assessment of rolling and adhesion in pial microvessels. Assessment of platelet rolling and adhesion by intravital microscopy was performed as described previously (28) . Briefly, mice were anesthetized by subcutaneous injection of 150 mg of ketamine per kg and 7.5 mg of xylazine per kg, and the jugular vein of each mouse was cannulated with polyethylene tubing (PE-10) to administer rhodamine 6G-labeled platelets and sodium pentobarbital for euthanasia. The pial vessels of the brain were exposed by making a circular opening in the skull with a hand-held surgical drill. The mouse was then placed on a Nikon upright fluorescence microscope with an intensified camera (Hammamatsu Photonics, Hamamatsu City, Japan). The body temperature of the mouse was maintained between 36 and 37°C by using a heating pad with a rectal thermometer, and the exposed brain was moistened with phosphate-buffered saline at 37°C. Five nonoverlapping regions of the brain microvasculature (magnification, ϫ10) were recorded on videotape for off-line analysis for each mouse, and each region was recorded for at least 5 min (approximately 25 min for each mouse). Arterioles with diameters between 20 and 40 m were analyzed, as were small postcapillary venules (diameter, 10 to 17 m) and large postcapillary venules (diameter, 30 and 50 m). Rolling platelets were defined as cells moving at a velocity that was significantly less than the centerline velocity in the microvessel, whereas adherent platelets did not move in a 30-s observation period. In the experiments to determine the role of CD41 in platelet adhesion, fluorescently labeled platelets were incubated with 0.1 mg of either anti-CD41 MAb or rat immunoglobulin G (IgG) for 30 min, washed, and then injected into recipients.
Statistical analysis. Analysis of variance with the Statview 5.0 program (SAS Institute) was performed to compare all measurements, and the level of significance used was a P value of Ͻ0.05. The mean and standard deviation for the level of parasitemia are reported below because they represent the average for a single measurement, whereas the mean of the mean numbers of rolling and adherent platelets per vessel and standard error are reported because they represent a mean of means. Kaplan-Meier survival curves of groups of mice were generated with Statview, and differences in survival were assessed by the Logrank test, in which a P value of Ͻ0.05 was considered significant.
RESULTS
P. berghei infection of mice is a very reproducible model of cerebral malaria, and virtually all infected mice develop petechiae, cerebral edema, and lactic acidosis and become moribund on day 6 or 7 of infection (27) . Mice exhibit neurological symptoms on day 6, manifested as a loss of the righting and gripping reflexes and lethargy. Day 12 of infection is considered by most investigators to be the last time that the mice develop cerebral malaria, so our experiments assessing the pathogenic mechanisms of cerebral malaria were terminated at this time. Mice that exhibit minimal complications of cerebral malaria and survive beyond day 12 of infection do not mount a protective immune response to clear parasites from the circulation and succumb after day 20 of infection from anemia secondary to hyperparasitemia.
Platelet and endothelial cell interactions during P. berghei malaria. To determine whether platelets adhere in vivo when there is blood flow to the brain microvasculature of mice with severe P. berghei malaria, fluorescently labeled platelets were injected via a carotid catheter, and platelet rolling and adhesion in the brain microcirculation were assessed by intravital fluorescence microscopy during the course of P. berghei malaria. The numbers of rolling platelets in the brain microvasculature of mice on day 6 of P. berghei infection were greater than the numbers of rolling platelets in the arterioles and small and large postcapillary venules of uninfected controls (12.7-fold greater for arterioles [P ϭ 0.0005], 4.4-fold greater for small venules [P Ͻ 0.0001], and 6.9-fold greater for large venules [P Ͻ 0.0001]) (Fig. 1) . The number of adherent platelets at each time point during infection was always greater than the number of rolling cells (range, 2.2-to 22.6-fold greater). The numbers of adherent platelets were also greater in the small and large postcapillary venules but not in the arterioles (16.9-fold greater for small venules [P Ͻ 0.0001], 17.0-fold greater for large venules [P Ͻ 0.0001], and 1.4-fold greater for arterioles [P ϭ 0.66]) (Fig. 1) . The actual number of platelets binding in each large venule was greater than the number binding in each small venule, but when the data were normalized to the diameter, the small venules had about the same number of adherent platelets as the large venules. The levels of parasitemia in the four mice in each group on days 2, 4, and 6 were 0.4% Ϯ 0.8%, 3.9% Ϯ 2.1%, and 13.8% Ϯ 2.7%, respectively, indicating that the mice were appropriately infected.
To determine whether platelet rolling or adherence was decreased if platelets were obtained from an infected source mouse, we assessed by using intravital microscopy rolling and adhesion of platelets obtained from infected source mice in the brain microvasculature on day 6 of P. berghei infection. The levels of platelet rolling in venules of P. berghei-infected recipients were similar when platelets were obtained from an uninfected source and when platelets were obtained from an infected source (P ϭ 0.25 for a comparison of day 0 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice with day 6 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice) ( Fig. 2 ) but were significantly greater than the levels in uninfected recipients (6.3-fold greater [P Ͻ 0.0001] for a comparison of day 6 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice with day 0 C57BL/6 donor platelets in day 0 recipient C57BL/6 mice). The adherence of platelets obtained from an infected C57BL/6 source mouse in venules of P. berghei-infected mice was markedly greater than the adherence of these platelets in venules of uninfected C57BL/6 recipients (12.7-fold greater [P Ͻ 0.0001] for a comparison of day 6 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice with day 0 C57BL/6 donor platelets in day 0 C57BL/6 recipient mice). However, the number of adherent platelets in P. berghei-infected recipients was modestly lower when platelets from infected source mice were used than when platelets from uninfected mice were used (75% lower [P ϭ 0.15] for a comparison of day 6 C57BL/6 donor platelets in day 6 C57BL/6 FIG. 1. Rolling (A) and adhesion (B) of platelets obtained from an uninfected C57BL/6 source mouse in the brain microvasculature during the course of P. berghei malaria in C57BL/6 recipient mice. On each graph the y axis indicates the number of rolling or adherent cells in arterioles, small postcapillary venules, and large postcapillary venules, and the x axis indicates the day of infection. Significant (P Յ 0.0005) differences between leukocyte rolling or adhesion in arterioles, small postcapillary venules, and large postcapillary venules during the course of P. berghei infection and leukocyte rolling or adhesion in uninfected C57BL/6 mice are indicated by an ampersand, asterisks, and number signs, respectively. Five vessels were analyzed in four recipient mice at each time point. R1, R2, and R3, rolling cells; A1 and A2, adherent cells.
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on October 14, 2017 by guest http://iai.asm.org/ recipient mice with day 0 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice). P-selectin, ICAM-1, and CD41 are platelet adhesion molecules in P. berghei malaria. To determine the role of platelet P-selectin in platelet rolling and adhesion to an activated endothelium during P. berghei malaria, fluorescently labeled Pselectin-deficient platelets from P-selectin-deficient source mice (either infected or uninfected) were injected into P. berghei-infected C57BL/6 recipients. The adhesion of P-selectin-deficient platelets to brain venules of infected C57BL/6 mice was less than the adhesion of platelets from C57BL/6 control mice (0.27-fold less [P Ͻ 0.0001] for a comparison of day 0 P-selectin-deficient platelets in day 6 C57BL/6 recipient mice with day 0 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice and 0.27-fold less [P Ͻ 0.0001] for a comparison of day 6 P-selectin-deficient platelets in day 6 C57BL/6 recipient mice with day 0 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice) (Fig. 2) . In fact, the reduction in adhesion was so profound that the number of adherent P-selectin-deficient platelets in P. berghei-infected C57BL/6 mice was only slightly greater than the number of platelets from uninfected mice injected into uninfected recipients. There were also reductions in platelet rolling in infected recipients when P-selectin-deficient platelets were used, but the magnitude of the change was less pronounced than the magnitude of the effect on adhesion.
To determine the role of endothelial P-selectin in platelet rolling and adhesion to activated endothelium during P. berghei malaria, fluorescently labeled P-selectin-containing platelets from C57BL/6 source mice (either infected or uninfected) were injected into P. berghei-infected P-selectin-deficient recipients. The adhesion of normal platelets to brain venules of P-selectin-deficient mice infected with P. berghei was less than the adhesion of platelets to brain venules of infected C57BL/6 controls (0.29-fold less [P ϭ 0.03] for a comparison of day 0 C57BL/6 donor platelets in day 6 P-selectin-deficient recipient mice with day 0 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice and 0.16-fold less [P Ͻ 0.0001] for a comparison of day 6 C57BL/6 donor platelets in day 6 P-selectin-deficient mice with day 0 C57BL/6 donor platelets in day 6 C57BL/6 recipient mice) (Fig. 2) . The levels of parasitemia were Ͼ0.5% on day 4 and Ͼ5% on day 6 of P. berghei infection, indicating that the mice were adequately infected (Table 1) .
Because (i) ICAM-1-deficient mice are protected from P. berghei malaria, (ii) protection of ICAM-1-deficient mice is not due to leukocyte adherence to the brain microvasculature, and (iii) platelets adhere via fibrinogen to ICAM-1 during ischemia-reperfusion injury (7), we assessed the levels of platelet rolling and adhesion by using intravital microscopy in ICAM-1-deficient mice infected with P. berghei (29) . The levels of platelet rolling and adhesion in the brain microvasculature in ICAM-1-deficient mice on day 6 of P. berghei infection were less than the levels of platelet rolling and adhesion in infected C57BL/6 control mice (39% less [P Ͻ 0.0001] and 68% less [P Ͻ 0.01], respectively) (Fig. 3) . The levels of parasitemia were 1.7% Ϯ 0.4% on day 4 and 9.0% Ϯ 4.0% on day 6 of P. berghei Table 1 . Asterisks indicate significant differences (P Յ 0.0005) between donor platelet rolling or adhesion in the large postcapillary venules in recipient mice and platelet rolling or adhesion in infected C57BL/6 recipients that received platelets from uninfected donor mice. PselϪ/Ϫ, P-selectin deficient. infection, indicating that the recipient mice were adequately infected. Because CD41 is an important platelet adhesion molecule and because blockade by anti-CD41 MAb limits damage during myocardial infarction, we determined whether CD41 contributes to platelet adhesion during malaria by assessing rolling and adhesion of platelets coated with anti-41 MAb in infected C57BL/6 recipients. Platelets coated with anti-CD41 exhibited decreased rolling and adhesion in P. berghei-infected mice compared with the rolling and adhesion of rat IgG-treated platelets (0.34-and 0.42-fold reductions [P Ͻ 0.0001 and P Ͻ 0.0001] for rolling and adhesion, respectively) (Fig. 3) . The levels of parasitemia were 1.7% Ϯ 0.7% on day 4 and 7.9% Ϯ 3.6% on day 6 of P. berghei infection for mice receiving anti-CD41 MAb-treated platelets and 1.8% Ϯ 0.3% on day 4 and 8.2% Ϯ 2.2% on day 6 of P. berghei infection for control recipients receiving rat IgG-treated platelets, indicating that both groups of recipient mice were adequately infected.
Platelets do not interact directly with leukocytes via P-selectin during the course of P. berghei malaria. To determine whether platelet adherence to the endothelium during P. berghei malaria accounts for malarial thrombocytopenia, we compared the numbers of platelets in the blood by flow cytometry on days 0, 4, and 6 of infection in P-selectin-deficient mice (which exhibit minimal platelet adherence) to numbers of platelets in the blood in C57BL/6 controls. The numbers of platelets in the peripheral blood of both groups of mice declined markedly during the course of P. berghei malaria ( Table  2 ). Both thrombocytopenia and parasitemia were similar in P-selectin-deficient mice and C57BL/6 mice on days 4 and 6 of P. berghei malaria ( Table 2) .
To determine whether circulating platelets activated during malaria express P-selectin and adhere to leukocytes, we analyzed P-selectin expression on platelets and leukocyte-platelet conjugate formation during P. berghei malaria by flow cytometry. Few cells assessed by flow cytometry were positive for both CD45 ϩ and CD41 ϩ (leukocyte-platelet conjugates), and the numbers of leukocyte-platelet conjugates per microliter of blood were similar in uninfected mice and in infected mice on days 4 and 6 of P. berghei infection (39 Ϯ 4, 28 Ϯ 6, and 32 Ϯ 6 conjugates/l, respectively). The percentages of CD41 ϩ cells (platelets) labeled with P-selectin increased modestly on day 6 of P. berghei malaria (on days 0, 4, and 6 of infection the percentages were 1.5% Ϯ 0.3%, 1.3% Ϯ 0.3%, and 5.7% Ϯ 0.9%, respectively).
Treatment with anti-CD41 MAb protects against severe P. berghei malaria. To determine whether treatment with anti-CD41 MAb protects against severe P. berghei malaria, we infected two groups of mice with P. berghei and compared the survival of mice inoculated intraperitoneally on day 1 of infection with anti-CD41 to the survival of controls that received rat IgG. The mice that received anti-CD41 MAb (n ϭ 11) exhibited significantly (P Ͻ 0.0001) increased survival after P. berghei infection compared with the survival of the rat IgGtreated controls (n ϭ 14). In fact, only one of the anti-CD41 MAb-treated mice died (day 10), whereas all anti-rat IgGtreated controls became moribund on day 6 of P. berghei infection (Fig. 4A) . Two mice in the group that received anti-CD41 MAb were excluded because they died the day after injection of the MAb. The anti-CD41 MAb treatment on day 1 effectively blocked the platelet ␣ IIb protein because only a relatively few CD41 ϩ cells (1,067 Ϯ 277 cells) were detected by FIG. 3 . Rolling (A) and adhesion (B) of platelets obtained from an uninfected donor mouse in the large postcapillary brain venules of selected recipient mice that were either not infected or infected with P. berghei (day 6). The groups of recipient mice are indicated on the y axis, and the average numbers of rolling or adherent cells are plotted on the x axis. anti-CD41 day-6 indicates platelets incubated with anti-CD41 MAb prior to injection (n ϭ 4), and rat IgG day-6 indicates the control for the MAb (n ϭ 3). C57BL/6 day-0 and C57BL/6 day-6 indicate uninfected and infected C57BL/6 mice, respectively; the results shown in Fig. 2 are repeated for comparison to ICAM-1-deficient recipients (ICAM-1-def). Five ICAM-1-deficient mice were analyzed. The asterisk (P Ͻ 0.05) and the number signs (P Ͻ 0.0005) indicate significant differences in platelet rolling or adhesion in the recipient mice compared with platelet rolling or adhesion in infected C57BL/6 recipients. (Fig. 4B) . It is unlikely that the dose of anti-CD41 MAb used depleted platelets because anti-platelet serum resulted in accelerated mortality of P. berghei-infected mice (data not shown), whereas anti-CD41 MAb protected the mice. The parasitemia on days 4 and 6 in the group of mice that received anti-CD41 MAb-injected and were infected with P. berghei was sufficient to cause mortality in untreated mice, indicating that these mice were adequately infected (Fig. 4C) .
DISCUSSION
Several independent lines of evidence indicate that an immune response to P. berghei is required for pathogenesis of experimental malaria. Results obtained with knockout mice lacking selected cell types or with mice depleted by MAb injection indicated that CD4 ϩ ␣␤ T cells, CD8 ϩ ␣␤ T cells, ␥␦ T cells, macrophages, and neutrophils are all required for development of cerebral malaria in P. berghei-infected mice (4, 11, 35, 39, 40) . Knockout mice lacking selected type 1 proinflammatory cytokines or their receptors (interleukin-2 [IL-2], IFN-␥, IFN-␥R, and TNFR2), as well as mice treated with neutralizing anti-cytokine MAbs (TNF-␣ and IFN-␥), do not develop cerebral malaria, whereas knockout mice lacking type 2 or anti-inflammatory cytokines (IL-4 and IL-10) do develop cerebral malaria after infection with P. berghei (5, 40) . In addition, treatment with IL-10 also protects mice from experimental P. berghei malaria (22). Eling's group has reported that anti-TNF-␣ MAb does not protect against P. berghei NK56 malaria (16) . Whether this reflects parasite strain differences between ANKA and NK56 or contradicts previous results remains to be determined. Finally, we and other workers have observed that expression of the cell adhesion molecules ICAM-1, P-selectin, and VCAM-1 increases significantly on vascular endothelium of the brain and several other organs during the course of P. berghei infection and that these molecules are required for malarial pathogenesis (7) .
The most widely accepted interpretation of the results described above is that leukocytes adhere to the cell adhesion molecules P-selectin and ICAM-1 during P. berghei malaria to mediate tissue damage. P-selectin plays a major role in leukocyte adhesion in ischemia-reperfusion injury in the intestine to the microvasculature (28) , and activated platelets play a key role in mediating leukocyte adhesion to the activated endothelium. However, recent intravital microscopic studies of brain microvasculature indicated that leukocyte rolling and adhesion are not markedly attenuated during P. berghei malaria in the absence of either ICAM-1 or P-selectin (2, 24) . Thus, the mechanism of leukocyte rolling and adhesion during P. berghei malaria in the brain must be distinct from our current understanding of this process obtained from other organ beds and from other models of inflammation. Using flow cytometry, we did not detect formation of platelet-leukocyte conjugates during severe P. berghei malaria that was greater than that observed in uninfected controls, suggesting that leukocytes are not coated with platelets prior to adhesion to the microvasculature. However, the conjugate formation may be too rapid for detection by flow cytometry. It is still theoretically possible that leukocytes roll on platelets adhering to endothelial cells during malaria, but this process must use ligands other than P-selectin, which makes it a much less likely scenario.
A second explanation for the protection against malarial pathogenesis in ICAM-1-or P-selectin-deficient mice despite only a minimal decline in leukocyte adhesion to the brain microvasculature is that parasitized erythrocytes use these cell adhesion molecules to sequester and occlude blood flow (17, 18) . However, blockade of CD41, which is a platelet adhesion molecule rather than a parasite-binding molecule, also protects against the development of severe experimental malaria. In addition, ESM was associated with profound thrombocytopenia and decreased cerebral platelet trapping in uPA Ϫ/Ϫ and uPAR Ϫ/Ϫ mice protects these mice from ESM (31) . Each of these cell adhesion molecules contributes to platelet adhesion to inflamed endothelium. Thus, a third explanation is that P-selectin, ICAM-1, and CD41 mediate the adhesion of platelets during P. berghei malaria, which in turn is critical for the pathogenic process (29) . Our intravital microscopic studies indicated that there is a marked increase in the number of platelets rolling on and adhering to the brain microvasculature in P. berghei-infected mice compared with the number in uninfected controls. The numbers of rolling and adherent platelets in uninflamed pial vessels are similar to the numbers observed in the small intestine (28) . In addition, the numbers of rolling and adherent platelets in inflamed pial vessels after P. berghei malaria are similar to the numbers observed in the small intestine after ischemia-reperfusion injury (28) . The observed increase in platelet rolling and adhesion confirms the results of immunohistochemical and electron microscopy studies and extends them by demonstrating that platelet adhesion is not a postmortem artifact but occurs in vivo and under flow. Platelets with P-selectin stored in granules obtained from P. berghei-infected mice showed a minor decrease in adhesion compared with the adhesion of platelets from uninfected controls. We propose that the platelets in an infected mouse are exposed to proinflammatory stimuli and that the most responsive platelets bind to the endothelium via P-selectin, whereas the platelets remaining in the circulation are less responsive. However, many circulating fluorescently labeled platelets from mice on day 6 of P. berghei infection adhere to the brain microvasculature of infected recipients, indicating that these platelets are still capable of responding and adhering. Why these circulating platelets are not activated to express P-selectin and adhere in the source mice infected with P. berghei remains to be determined. The molecules involved in platelet adhesion to the brain microvasculature during P. berghei malaria have not been determined previously. Our finding that platelet rolling and adhesion are significantly (P Ͻ 0.05) reduced during P. berghei malaria in P-selectin-or ICAM-1-deficient mice, as well as in mice treated with anti-CD41 MAb, indicates that all three of the cell adhesion molecules are required for platelet adhesion in vivo. A lack of endothelial ICAM-1 had the greatest effect on platelet rolling rather than adhesion, whereas a lack of P-selectin or inhibition of CD41 had the greatest effect on adhesion. Few circulating CD41
ϩ platelets exhibited increased expression of P-selectin during P. berghei malaria, indicating that once P-selectin is expressed on the surface, these platelets are destined to adhere to the endothelium. The platelet activation and degranulation processes are likely to occur on cells tethered or adherent to the endothelium. Given the multistep molecular nature of platelet adhesion to the brain microvasculature, our data indicate that P-selectin and ICAM-1 are important in tethering the platelets to the endothelium and P-selectin and gpIIb/IIIa enable the platelets to adhere firmly (9, 29, 34) .
Both platelets and endothelial cells can express P-selectin under inflammatory conditions. Our observation that the number of platelets rolling and adhering in P-selectin-deficient mice with P. berghei malaria is markedly less than the number of platelets rolling and adhering in infected controls with Pselectin intact indicates that P-selectin on the vascular endothelium is required for platelet rolling and adherence during malaria. In addition, our finding that platelets from P-selectindeficient mice also exhibit markedly reduced rolling and adherence in P. berghei-infected C57BL/6 mice compared with the rolling and adherence of control platelets with P-selectin intact indicates that platelet P-selectin is also required for maximal adhesion of platelets to the endothelium during malaria. Thus, P-selectin on both platelets and endothelial cells is required for optimal rolling and adhesion of platelets in the brain microvasculature during P. berghei malaria.
Our results indicate that platelet adhesion is primarily localized to the small and large postcapillary venules. One explanation for this is that the high shear wall stresses in arterioles exert forces too great for platelets to adhere. Given that leukocyte adhesion is not affected by shear stress in the arterioles, a more likely explanation involves the differences in cell adhesion molecule expression (1). Our results contrast with those of Massberg et al., who observed that the greatest number of platelets adhered to arterioles during ischemia-reperfusion injury in the intestine and proposed that platelet activation depends upon the shear stress exerted on the platelets (28) . Thus, different mechanisms of platelet activation may occur during cerebral malaria and ischemia-reperfusion injury in the gut.
The marked adherence of platelets during severe malaria suggests that the mechanism of thrombocytopenia observed in experimental malaria and human malaria may be due to widespread adherence of platelets in venules throughout the body. Other investigators observed thrombocytopenia during experimental malaria and severe P. falciparum malaria in humans (20) ; the thrombocytopenia was interpreted as increased destruction of platelets during malaria (20) , but it may have reflected the massive adherence of platelets in several vascular organ beds during malaria. However, increased destruction of platelets is still the primary explanation for malarial thrombocytopenia because we observed similar levels of thrombocytopenia in P-selectin-deficient mice with P. berghei malaria and controls, and platelets did not adhere to the microvasculature in P-selectin-deficient mice infected with P. berghei.
The role of platelets in the pathogenesis of severe P. berghei malaria is controversial; in one report the authors indicated that depletion of platelets protects against severe malaria, and in a second report the authors reached the opposite conclusion (25, 32) . Our results showing that blockade of platelet adhesion molecules protects against severe P. berghei malaria supports the conclusion that platelets contribute to malarial pathogenesis. However, the mechanisms may be totally different because our data indicate that platelet-depleted mice exhibit accelerated mortality rather than the delayed mortality observed in anti-CD41 MAb-treated mice (unpublished data). We propose that rendering the mice thrombocytopenic exacerbates malarial pathogenesis by preventing the coagulation system from repairing the endothelial barrier and that inhibiting platelet adhesion protects against disseminated intravascular coagulation. The large protective effect of anti-CD41 MAb treatment compared with the level of protection against the development of malarial pathogenesis in P-selectin-and ICAM-1-deficient-mice suggests that CD41 has other roles in addition to a role in adhesion.
In conclusion, our data indicate that marked platelet rolling on and adherence to venules (but not arterioles) occur during P. berghei malaria. Platelet rolling and adherence during P. berghei malaria are significantly attenuated in the absence of P-selectin, in the absence of ICAM-1, and by blockade of gpIIb/IIIa by an MAb (P ϭ 0.005, P ϭ 0.04, and P Ͻ0.0001, respectively). The possible molecular mechanisms for platelet adhesion to the pial microvasculature during cerebral malaria are summarized in Fig. 5 . The endothelium of pial microvessels is activated to increase expression of ICAM-1 and P-selectin among other cell adhesion molecules. Platelets roll on endothelial P-selectin as the first step in adherence and become activated to express P-selectin on their surfaces. Whether the magnitude of the P-selectin-P-selectin ligand interaction is sufficient to mediate platelet adhesion as shown in Fig. 5 remains to be determined. Platelet-platelet interactions are likely mediated via gpIIb/IIIa on an activated platelet binding to fibrinogen, and then a second platelet also adheres via gpIIb/ IIIa to fibrinogen. Firm adhesion of platelets via endothelial ICAM-1, fibrinogen, and platelet gpIIb/IIIa is likely to be important. Alternatively, platelet LFA-1 may bind to ICAM-1 to mediate platelet adhesion (7) . It is likely that several molecular adhesion events simultaneously facilitate platelet adhesion to an inflamed microvessel.
As illustrated by case reports, patients with P. falciparum infection can develop cerebral malaria, acute respiratory distress, and shock and can die even though antimalarial therapy has killed the parasites in the circulation. We believe that these findings indicate that these patients develop a systemic inflammatory syndrome. Based on the results described above for experimental malaria and the accumulating evidence linking the inflammatory and coagulation systems (e.g., septic shock and activated protein C), we speculate that the coagulation cascade is also activated in patients with severe falciparum malaria, resulting in cerebral malaria and acute respiratory distress. Future studies may reveal that inhibition of platelet adhesion and/or activation is an effective therapy for some patients with severe falciparum malaria.
